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Abstract
The rate of consumption of dissolved oxygen at the bottom of a river or coastal water is often measured in situ by a
sediment oxygen demand (SOD) chamber. A continuous flow is generated above the sediment, and the SOD is de-
termined from the dierence in oxygen concentrations in the inflow and outflow. The steady three-dimensional swirling
laminar flow field inside a cylindrical SOD chamber previously used in field investigations is computed using the finite
volume method on an unstructured tetrahedral mesh. The numerical predictions reveal a highly complicated flow
characterized by (i) a mainly tangential and near-uniform flow along the circumference in the horizontal layers;
(ii) significant reverse bottom currents; and (iii) strong swirl induced by the jet momentum in the vertical section. The
computed scalar field suggests that good mixing is achieved within the chamber. The computed velocity and scalar field
are well supported by laboratory velocity measurements using laser-Doppler anemometry (LDA), and measured
concentrations in a tracer experiment. The present study elucidates the fluid mechanics of an important type of SOD
chamber design often used in environmental water quality studies. Ó 2000 Elsevier Science Inc. All rights reserved.
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1. Introduction
The sediment oxygen demand (SOD) is the rate of oxygen consumption exerted by the bottom
sediment on the overlying water – due to both the respiration of the benthic biological com-
munities and the biochemical degradation of organic matter. The SOD is often a major com-
ponent of the dissolved oxygen (DO) budget and hence a key parameter in mathematical models
of water quality [14], particularly in relatively shallow waters. The SOD is typically measured in
situ by mounting a chamber device on the sediment surface; a steady water flow is created over the
sediment to simulate natural hydraulic conditions. The SOD is determined from either (i) the drop
in DO concentration inside the chamber with time (batch method), or (ii) the dierence in DO
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concentration in the inflow and outflow (continuous method). A large variety of chamber shapes,
ranging from rectangular, cylindrical, to triangular cross-sections have been proposed. In par-
ticular, the cylindrical configuration has often been adopted (e.g. [1,9,8]).
Experiments and theory have shown that the flow velocity above the sediment can have a
significant eect on the SOD measurement, even when no sediment re-suspension has been ob-
served [7,10,17]. In addition, large dierences in SOD measurements with dierent chambers have
been noted; this has been attributed to dierences in the chamber fluid mechanics (e.g. [4,13]).
While the need to understand the key hydrodynamic factors aecting SOD has been recognized
for some time [5,9], there have been scant studies of the hydrodynamics and mixing of SOD
chambers. Typically, chamber designs have been studied using reactor (‘black box’) concepts
supplemented by dye tracing experiments. Some limited attempts to measure point velocities by
propeller, hot-film anemometry or electromagnetic current meter have been made [3,5,16].
However, the measurements were insucient to gain a picture of the flow field inside the chamber.
The numerical simulation of SOD chamber flows has hitherto not been reported.
We carry out a numerical and experimental study of the fluid mechanics of a SOD chamber of
circular horizontal section; the flow is driven by a twin jet inflow discharge. The steady three-
dimensional laminar flow in the SOD chamber is computed; the governing continuity and mo-
mentum equations are solved numerically using the finite volume method on an unstructured grid.
The salient features of the computed flow field are presented; predicted velocities are compared
with laboratory velocity measurements using laser-Doppler anemometry. The numerical solution
of the full time-dependent advective diusion equation for a passive scalar is also compared with
measurements from a tracer experiment. The implications of the numerical study on SOD
chamber design are discussed.
2. Theory
2.1. Cylindrical SOD chamber
Fig. 1(a) shows a schematic diagram of a SOD measurement system used to study short-term
dissolved oxygen dynamics in Tolo Harbour, Hong Kong [8]. This system consists of a water-tight
cylindrical SOD chamber positioned on the sea bed and connected to a data control and ac-
quisition system on board (typically a fish-farm raft). The chamber is fabricated from a perspex
cylinder of diameter 14.4 cm. The bottom of the chamber is open, which allows the SOD chamber
to be inserted into the sediment, and positioned on the bed with the aid of a stabilizing plate. The
chamber top is slightly tapered (to facilitate purging of gas bubbles released from the sediment),
and fitted with one outlet nozzle at the centre, and two inlet nozzles. In field operation, a con-
tinuous flow Q can be generated by a peristaltic pump on board connected to the outflow nozzle
by a tubing. The surrounding sea water enters the chamber through the twin inflow nozzles as two
diametrically opposite jets inclined at 45° to the vertical; the outflow exits from the centre of the
chamber top. This design promotes ecient mixing in the chamber, and is particularly suited for
measuring transient changes of SOD during a day (caused e.g., by algal blooms and red tides).
Both the dissolved oxygen concentration of the inflow, Ci (g=m3), and that of the outflow after
sediment consumption, Co, can be measured. If the surface area of the sediment enclosed by the
chamber is A, then a steady mass balance results in, after proper unit conversion, SOD
g=m2=d  QCi ÿ Co=A. Both the inlet and outlet nozzle have an internal diameter of 4 mm; the
chamber top and the inlet jet discharge point are located at 10 and 7 cm above the sediment,
respectively. The distance between the two inflow nozzles is 8.4 cm.
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Fig. 1. Continuous-flow in situ sediment oxygen demand (SOD) measurement system: (a) schematic flow diagram;
(b) cylindrical SOD chamber; (c) section view of computational domain.
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The present numerical and experimental studies are performed for a replicate of the perspex
chamber having the same inflow/outflow arrangements but with, however, a solid bottom and a
horizontal top. Further, the inflow nozzle is numerically represented by a straight inlet pipe
(inclined at 45°) ending at the same jet discharge location (Fig. 1(c)). The velocity field inside the
chamber is studied for a steady water flow of Q  240 ml=min; this throughflow is to produce
over–bottom velocities of the order of 1 cm=s (commonly encountered in semi-enclosed tidal
bays). At this flow rate, the inflow enters the chamber as a laminar jet; the Reynolds number
based on the jet velocity (Vj  0:16 m=s) and diameter is around 640. Our objective is to obtain,
through numerical computations and experiments, a basic understanding of the SOD chamber
flow.
2.2. Governing equations
The three-dimensional flow in the cylindrical chamber is computed numerically by solving the
full Navier–Stokes (NS) equations. For t P 0, a constant flow 240 ml=min is applied to the inlet;
the chamber flow is numerically computed until steady conditions are obtained.





















where Ui is the fluid velocity in x, y and z directions, q the density, p the dynamic pressure, and m is
the molecular viscosity. In addition to the flow equations, the study of mixing inside the chamber
necessitates the calculation of a passive scalar field from the advective diusion equation:
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where D is the molecular diusivity for the passive scalar.
2.3. Initial and boundary conditions
By virtue of periodic symmetry, the numerical solution is sought for one half of the flow
domain, x P 0 (i.e. the half-space to the right of line AC in Fig. 1(b)). This flow has rotational
periodic symmetry in that the flow across a line OA (where O is the centre of the cylinder), for
example, is the same in magnitude but diametrically opposite to the flow across the line OC. The
flow at a periodic boundary is treated as though the opposing periodic plane is a direct neighbour
to the cells adjacent to the first periodic boundary. Thus, when calculating the flow through the
periodic boundary adjacent to a fluid cell, the flow conditions at the fluid cell adjacent to the
opposite periodic plane are used.
At the inlet boundary, Q  240 ml=min and (for the tracer experiment) a scalar concentration
of Cit  1:0 is imposed for t P 0. At the outlet boundary, the flow is full-developed, normal
gradients of all variables are set to zero. At the wall boundary, the no-slip condition is imposed.
The inflow pipe is treated as a ‘two-sided zero thickness wall’, which forms the interface between
two dierent fluid regions. The no-slip condition is also used for this kind of ‘two-sided zero
thickness wall’. Zero velocity and pressure are prescribed as initial values. For computation of
tracer concentration, Ct  0  0 is prescribed.
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2.4. Computational procedure and details
The governing equations are solved numerically using the finite volume method [11] as em-
bodied in the FLUENT/UNS code (Fluent Inc. 1996). The equations are discretized on a three-
dimensional, unstructured mesh composed of tetrahedral cells on which Cartesian velocities and
other variables are defined at the cell centre [12]. Cell-face dependent variables are interpolated
from the cell centre values using a second order upwind scheme. The set of discretized simulta-
neous algebraic equations is solved by an algebraic multigrid linear equation solver [6]. A first
order accurate unconditionally stable implicit scheme is used for time discretization, with all
spatial derivatives and other terms treated in a fully implicit manner. At each time step/iteration,
the discretized equations are solved using the SIMPLEC algorithm for velocity–pressure cor-
rection [15]. In the calculations for velocity field, no under-relaxation of pressure is required, while
a factor of 0.65 is adopted for velocities. Convergence is declared when the scaled residual R is less
than 5 10ÿ4 for every equation. About 1400 iterations are required for convergence. After the
steady flow field has been obtained, the unsteady 3D scalar field inside the chamber due to a step
increase of concentration in the inflow is computed. For this calculation, Ct  0  0, and
Cit  1:0 is prescribed for the inflow for t P 0. No under-relaxation of concentration, density
and viscosity is adopted. The time step varies from 1 to 6 s. At each time step, a maximum of 20
iterations are required for convergence, when the scaled residual in the scalar mass conservation
equation is less than 5 10ÿ4.
Fig. 2(a) shows the unstructured tetrahedral mesh formed using the FLUENT/TGrid code
(Fluent Inc. 1996). First, boundary surface meshes are generated by decomposing the domain into
a set of packed convex polygons (Delaunay triangulation). This can be achieved by specifying the
nodes along the bounding curves which form boundary surfaces, and the node density on dierent
parts of the surface. The mesh can then be generated only using the boundary nodes with an
iterative node generation scheme, followed by edge swapping and Laplace smoothing operations
to improve mesh quality. For the cylindrical chamber, the surface mesh has 10,598 triangular cells
and 5301 nodes. The surface meshes of the wall surface at inflow end, bottom surface, periodic
symmetry surface, and inlet surface are also shown. After generating the surface mesh, the interior
mesh composed of tetrahedral cells can be generated using the approach proposed by Bowyer [2].
Convergence tests showed that about 40,000 cells would be needed, when computed average
velocities in selected planes dier by less than 2%. All calculations shown herein are obtained on a
computational mesh that divides the cylindrical chamber into 54,276 tetrahedral cells (consisting
of 11,886 nodes, 103,183 triangular faces). The average cell volume, face area and cell skewness
are 1:50 10ÿ8 m3, 1:20 10ÿ5 m2 and 0.32, respectively; the length of the triangular mesh varies
from 0.1 to 0.9 cm.
3. Numerical results and analysis
The numerical results show that a highly complicated flow with significant swirl is generated
inside the cylindrical SOD chamber. Fig. 3 shows the computed horizontal velocity field at dif-
ferent depths above the bottom; for each depth the velocity vectors along dierent radial transects
are shown. It can be seen that the flow is mainly tangential and fairly uniform in the layers above
the inflow jet (y > 7 cm) except close to the centre and boundaries. Similarly, the flow is mainly
tangential and nearly uniform circumferentially in the layers between the inlet and 1 cm layer
above the bottom. The position of the maximum horizontal velocity near the outer circumference
shifts following the inflow discharge jet direction. For example, at y  5 cm, the maximum
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Fig. 2. (a) Outline of unstructured tetrahedral mesh for SOD chamber computation. (b) Surface mesh for wall surface at
inflow end, bottom wall, symmetry plane, and surface at jet inflow level.
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horizontal velocity is found near the radial transect BCC; the location shifts to transect C at
y  2 cm. A weak swirl exists in front of the location of maximum horizontal velocity. Further, in
the layers close to the bottom (y < 1 cm), significant reverse return flows (opposite to the jet
direction) are predicted. The closer the bottom of the chamber, the stronger is the reverse return
Fig. 3. Computed velocity field in selected horizontal planes.
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flow. At y  0:3 cm, the computed maximum horizontal velocity is about 2.5 cm=s along AAB–
AB (between transects AAB and AB), at radial position r  6:2 cm. From transect A–AAB to
BC, the flow is mainly tangential and follows the direction of the jet. The velocity decreases
progressively from section A–AB to BC to around 0.4 cm=s at the outer circumference; the flow is
mainly radially inwards close to the centre. For transect BC–BCC to C, the flow is opposite to the
main flow and travels towards the centre. The horizontal (x-) and transverse (z-) velocity, (u;w),
varies from ÿ0:8 to 1.5, and from ÿ1:7 to 1.9 cm=s, respectively, with a mean horizontal velocity
of 1.24 cm=s. At 1 cm layer above the bottom, the reverse flow is clearly not as strong and
u  ÿ0:7 to 1.9 cm=s, w  ÿ1:0 to 1.8 cm=s, with a mean horizontal velocity of 1.03 cm=s.
Representative velocities for other layers (excluding the velocity inside the inflow pipe) are shown
in Table 1); the average horizontal over–bottom velocity for y  1 to 3 cm is 0.94 cm=s.
The computed velocity in selected vertical sections (Fig. 4) reveals clearly a jet-induced swirl –
e.g. at the corner in vertical section (A) in front of the inflow jet (maximum velocity about
4.2 cm=s), with a weak backflow in the upper region of the chamber. Following the main flow
(e.g., from section A to BBC), the centre of the swirl moves upwards and towards the centre of the
chamber. The vertical (y) velocity is comparable to the horizontal velocity, and varies fromÿ3:7 to
3.1 cm=s – suggesting good mixing in the chamber. Representative vertical and radial velocities
are shown in Table 2) (excluding the velocity inside the inflow and outflow pipes).
The computed shear stress at the bottom wall of the SOD chamber, which influences the
diusive mass transfer at the sediment–water interface, is shown Fig. 5. It can be seen that the
twin shear stress maxima (around 0.02 N=m2) are located close to the outer wall, near AAB and
CCD. The distribution of shear stress is generally in accordance with near bottom velocities.
Additional insights into the flow pattern can be obtained from Lagrangian pathlines. Based on
the 3D computed velocity field for Q  240 ml=min, the trajectory of a particle released inside the
chamber can be constructed. A fixed space step of 0.001 m is used; the position of the particle at
the end of a step can be calculated by interpolating the velocity at the original position. Fig. 6
shows the pathlines for a particle released from four vertical sections at dierent depths: at level of
inflow in section B, y  5 cm in section BC, y  3 cm in section C, and close to the bottom in
section CD. From Fig. 6, the mixing pattern as induced by the jet through the swirling motion is
clearly seen. The flow is seen to leave the chamber from the center of all vertical sections. The
pathlines indicate that good mixing is achieved inside the chamber.
After the steady flow field is obtained, the unsteady 3D scalar field in the chamber is computed
for the step increase in inflow concentration. Except for small times and very close to the inflow jet
nozzles, the computed scalar field (not shown) indicates negligible concentration gradients (of the
Table 1
Computed velocity at dierent depth layers (cm/s)




0.3 )0.8 to 1.5 )1.7 to 1.9 0.04 to 2.5 1.24
1 )0.7 to 1.9 )1.0 to 1.8 0.07 to 2.3 1.03
2 )1.8 to 2.0 )1.2 to 1.5 0.03 to 2.1 0.90
3 )2.5 to 2.5 )2.3 to 2.3 0.03 to 3.3 0.89
4 )2.0 to 2.0 )2.0 to 2.0 0.03 to 2.6 0.89
5 )2.8 to 1.4 )0.8 to 3.3 0.05 to 4.3 0.85
6 )2.3 to 1.3 )0.2 to 2.6 0.07 to 3.5 0.75
7 )3.0 to 1.1 )0.4 to 3.1 0.04 to 4.3 0.61
8 )0.9 to 0.9 )0.3 to 0.6 0 to 1.0 0.52
9 )0.6 to 0.6 )0.4 to 0.6 0.02 to 0.7 0.46
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order of a few percent) in the main body of the chamber. Fig. 7 shows the predicted time variation
of the concentration in the outflow, Cot (approximately the same as the average concentration
inside the chamber). Note that for a fully mixed system or ‘reactor’, a mass balance gives
V dC=dt  ÿQC  QCi, where Ct;Ci are the concentrations in reactor and inflow, respectively,
V is the volume of reactor, and Q is the steady throughflow. The theoretical retention or residence
time of the tracer in the system (the ‘time constant’) is then T  V =Q; i.e. for initial concentration
of Ct  0  C and no source input, Ci  0, Ct  Ceÿt=T . Similarly, for step increase of inflow
concentration, Ci  1:0 for t P 0, the solution is Ct=Ci  1ÿ eÿQ=V t. i.e. the concentration in
the system increases from 0 to 1.0 over a period of time. Fig. 7 shows that the computed con-
centration response to a step increase of tracer concentration can be well described by the the-
oretical normalized tracer concentration curve, Ct=Ci  1ÿ eÿt=T .
Fig. 4. Computed velocity field in selected vertical sections.
Table 2
Computed velocity at dierent vertical sections (cm/s)





A )1.5 to 2.4 )2.7 to 2.7 0.02 to 4.2 0.72
AAB )1.5 to 0.7 )1.2 to 2.8 0 to 2.9 0.47
AB )0.8 to 0.3 )0.3 to 3.0 0 to 3.1 0.32
ABB )0.8 to 0.2 )0.3 to 3.1 0.02 to 3.2 0.30
B )0.8 to 0.2 )0.3 to 3.0 0.01 to 3.1 0.32
BBC )0.7 to 0.4 )0.4 to 2.5 0 to 2.6 0.35
BC )0.6 to 0.7 )0.5 to 2.3 0.01 to 4.8 0.51
BCC )0.8 to 2.2 )3.7 to 2.4 0.02 to 4.3 0.63
J.H.W. Lee et al. / Appl. Math. Modelling 24 (2000) 263–278 271
4. Comparison with experiments
4.1. Velocity measurement
A hydraulic experimental study was carried out with a laboratory model of the cylindrical
chamber. Fig. 8(a) shows the experimental set-up for the SOD chamber. The chamber is made of
perspex with exactly the same dimensions, and with a fixed bottom. A steady water flow
(Q  240 ml=min) was supplied by a constant head tank and entered the chamber through the
inlet; the flow-through rate in the closed system was monitored by a calibrated rotameter. The
outlet of the chamber was connected to a drain tank which returned the flow to the source tank.
The steady three-dimensional velocity field inside the chamber was measured by laser-Doppler
anemometry (LDA), using a 3W Spectra Physics argon ion laser and a two-component DISA
optical system. The fluid was seeded with a small amount of ‘Optimage’ PIV powder with nominal
diameter of 30 lm and specific gravity 1:00 0:02. The LDA system was operated in forward
scatter mode. In our study about 1000–3000 validated samples were used at each measurement
point, with a maximum period of 3 min. To determine the three velocity components (tangential,
radial and vertical) at a point using the 2-component LDA system, two configurations were used.
As shown in Fig. 8(b), the vertical and tangential velocity components were measured simulta-
neously, with the laser beams entering from the side of the chamber. To compensate for the
diraction eects of the curvature of the chamber which aect the crossing of the laser beams, the
whole chamber was submerged in water inside a square perspex box. Using the 2-D traversing
system, the probe-volume can be moved in the vertical and radial directions and the velocity field
in a vertical plane can be measured. The chamber can be rotated (along the centreline of the
chamber itself) for measurement of dierent vertical planes. To measure the tangential and radial
components, the laser beams were made to enter from the chamber bottom.
As the cylindrical chamber is rotationally periodic, measurements were made for only one-half
of the chamber (selected velocity profiles were measured to check the periodicity of flow). Velocity
measurements were made in four radial sections, A, AB, B, BC, at 45° intervals. In each section,
Fig. 5. Computed shear stress distribution at the bottom of SOD chamber (N=m2).
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Fig. 6. Lagrangian pathlines of particles released at dierent starting points (starred locations).
Fig. 7. Computed time variation of tracer concentration due to step increase of inflow concentration.
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velocity was measured at a number of depths and radial positions. Figs. 9 and 10 show the ob-
served velocity field at dierent horizontal and vertical sections, respectively. The mixing and
retention time of the chamber was also studied using DO as a tracer. The chamber was first fed
with a steady flow of 240 ml=min at a uniform low concentration. The inlet of the chamber was
then switched to receive a continuous source of high uniform DO concentration at the same flow
at t P 0. Fig. 11 shows the measured time variation of DO concentration of the chamber outflow.
The reverse experiment (i.e. with high initial DO and switched to step input of low DO) was also
done. Further experimental details can be found in [19].
4.2. Comparison of numerical predictions and experiments
Similar to the numerical calculations, the horizontal velocity measurements (Fig. 9) show that
the flow is mainly tangential and nearly uniform along the circumference. Predicted horizontal
Fig. 8. (a) Experimental set up for velocity measurement. (b) LDA measurement configuration.
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velocities also compare favourably with the measurements. For y  1 cm layer, the measured
horizontal velocity varies from 0.03 to 2.59 cm=s, with a mean of 0.82 cm=s. On the other hand,
the computed horizontal velocity varies from 0.04 to 2.5 cm=s, with a mean of around 1.0 cm=s.
The velocity observations in the vertical section (Fig. 10) reveal a strong swirl induced by the
Fig. 9. Observed velocity field in dierent horizontal planes.
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inflow jet. The predicted flow in sections A, AB, B, and BC are well borne out by the observa-
tions. In summary, the major predicted flow features are, at least qualitatively, supported by the
experiments. It should be noted that the measurement accuracy in the low velocity water flow,
given the flow and measurement configuration, is probably of the order of 0.2–0.4 cm=s. Further,
discrepancies of predicted versus measured flow details may also be related to the imperfect
alignment of the small inflow nozzle, and the fact the LDA measurement was hampered by the
presence of the inlet nozzles, and the high noise level near the bottom boundary. In any case, the
calculations have captured the characteristic flow features of the cylindrical chamber. In the
experimental tracer study, the measured time variation of outflow DO concentration (Fig. 11)
Fig. 10. Observed velocity field in dierent vertical sections.
Fig. 11. Measured concentration-time response in tracer experiment.
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also indicates good mixing; the theoretical response as predicted numerically is followed after an
initial time delay of the tracer arrival of about 2 min.
5. Concluding remarks
A numerical and experimental study of the fluid mechanics of a cylindrical SOD chamber has
been carried out. The numerical computations reveal several distinct flow features: (i) a mainly
tangential and near uniform flow along the circumference in the horizontal layers; (ii) significant
reverse bottom currents; and (iii) strong swirl induced by the jet momentum in the vertical section.
Good mixing is achieved in the chamber. The salient features of the predicted flow and mixing are
well supported by point velocity measurements and tracer experiments.
This study demonstrates that the water currents above the sediment surface inside a SOD
chamber are highly dependent on the chamber design. On the basis of this study, it is not sur-
prising then that the SOD measured by chambers of dierent shapes can be quite dierent. While
the degree of mixing can be obtained from dye tracing experiments, important flow details (e.g.
the strong reverse flows near the bottom) and useful design information (e.g. the average over–
bottom velocity as a function of through flow Q) can best be determined by a detailed CFD study.
The present results suggest that SOD chambers should not solely be designed on the basis of
residence times; an idea of the flow field can often be beneficial. The hydraulics of both rectan-
gular and triangular chambers have also been studied; further details and related field measure-
ments of SOD and algal dynamics can be found in [8,19].
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